[1] A two-dimensional (2-D) dynamic ice sheet model coupled to the McGill Paleoclimate Model (MPM) under Milankovitch forcing and Vostok-derived atmospheric CO 2 levels is used to investigate the last glacial inception and subsequent rapid ice sheet growth in the Northern Hemisphere (NH). The impacts on ice sheet growth of the elevation effect of orography and the freezing of rain/ refreezing of meltwater are evaluated. The results show that while Milankovitch forcing only is sufficient to initiate the formation of permanent North American and Eurasian ice at around 120 kyr BP, rapid ice sheet growth during the next 10 kyr only occurs when the above two processes and an active ocean component are included. The modelled ice volume-equivalent drop in sea level during this growth period is estimated to be about two-thirds of that found from sea level reconstructions. Finally, the ice sheet-thermohaline circulation interactions and ice sheet thickness distribution are also investigated.
Introduction
[2] Using the tool of the atmospheric general circulation model (AGCM), there have been numerous attempts [e.g., Pollard and Thompson, 1997] to simulate glacial inception and substantial ice sheet growth in the Northern Hemisphere (NH) in response to Milankovitch forcing. However, these simulations failed to produce either the appearance of permanent North American and Eurasian snow/ice or an ice sheet growth rate comparable with that observed, possibly because of the absence of a 3-D ocean component in their climate models. Inclusion of such a component which contains the thermohaline circulation (THC) is deemed to be important for the simulation of long-term changes in the global energy and hydrological cycles and hence substantial ice sheet growth. As a step in this direction, Khodri et al. [2001] used a coupled atmosphere-ocean GCM to investigate glacial inception. However, the mechanisms that give rise to rapid ice sheet growth over the first 10 kyr of the last glacial were not investigated.
[3] As a complementary modelling approach to the study of glaciation, we investigate the last glacial inception at around 120 kyr BP [see Lambeck and Chappell, 2001 ] and the subsequent rapid ice sheet growth using a five-component climate model of reduced complexity, the MPM Mysak, 2000, 2001] . However, here the original MPM is extended to include the water vapor-temperature feedback and a 2-D (latitude-longitude) dynamic ice sheet model; also, the impacts on ice sheet growth of the elevation effect of orography and the freezing of rain/refreezing of meltwater are evaluated. In addition, Milankovitch forcing and the Vostok-derived atmospheric CO 2 levels for the period 122-110 kyr BP are used to drive the extended MPM. This paper builds on the early studies of Gallée et al. [1992] and Tarasov and Peltier [1999] who, however, did not include the THC.
The Model and Experimental Design
[4] A 2-D vertically integrated dynamic ice sheet model of Marshall and Clarke [1997] , with a latitude-longitude resolution of 0.5°Â 0.5°, is coupled to the other components (atmosphere, ocean, sea ice, land surface) of the MPM. This ice sheet model has been used to investigate glacial termination by Yoshimori et al. [2001] . The outgoing longwave radiation parameterization in the MPM (see (5) in Wang and Mysak [2000] ) is replaced by the Thompson and Warren [1982] scheme which allows for the incorporation of the water vapor-temperature feedback. The radiative forcing ÁF resulting from atmospheric CO 2 change is calculated as follows [Ramanathan et al., 1987] :
with ÁF > 0 for cooling. The ice temperature T in (6) of Yoshimori et al. [2001] is fixed at À5°C in this study, following the suggestion of Tarasov and Peltier [1999] .
[5] Since the variables of surface air temperature (SAT), precipitation (P) and surface specific humidity (SSH) are sectorially averaged in each 5°latitude band of the MPM, they are downscaled in order to get their values in every 5°o f longitude over North America and Eurasia. To do this, the present-day output of the UK Universities Global Atmospheric Modelling Programme (UGAMP) AGCM for each of the above variables in a given 5°latitude band is sectorially averaged over the above continents. Then the deviations (for SAT) or ratios (for P and SSH) between the sectorial average and the value of the variable for every 5°o f longitude are determined. These deviations or ratios are GEOPHYSICAL RESEARCH LETTERS, VOL. 29, NO. 23, 2102 , doi:10.1029 /2002GL015120, 2002 Copyright 2002 Within each time step (20 years) of the 2-D ice sheet model, the precipitation minus evaporation/sublimation minus runoff (P -E -R) is then integrated over this time step to yield the net snow accumulation at each 5°Â 5°grid. The snow is converted into ice without consideration of the firn stage. The net accumulation in a 5°Â 5°grid is then linearly interpolated onto the ice sheet fine resolution values of 0.5°Â 0.5°. The 2-D (5°Â 5°) land surface albedo, sensible heat and longwave radiation exchange between the atmosphere and the land surface, and evaporation or sublimation from the land surface are sectorially averaged, and these averaged values are then fed back into the energy-moisture balance model of the MPM, for coupling to the other climate components.
[6] The MPM is forced by variable solar insolation calculated according to Berger [1978] , i.e., Milankovitch forcing, and by observed atmospheric CO 2 concentrations reconstructed from the Vostok ice core [Barnola et al., 1999] . Although the global mean solar insolation at the top of the atmosphere (TOA) changes very little, the regional variation is quite large (Figure 1a) . The maximum change of the atmospheric CO 2 concentration over the simulation period is 27.5 ppm (Figure 1b ). According to (1), the resulting change in the global uniform radiative forcing (cooling) is 0.60 W/m 2 .
[7] Seven different runs (see Table 1 ) were carried out to investigate the relative roles of various processes involved in the last glacial inception, the subsequent rapid ice sheet growth, and ice sheet-THC interactions. In ''control'' run 1, the fully coupled extended MPM with forcing as in Figure 1 is integrated from 122 to 110 kyr BP. Two important effects previously neglected in the MPM are now included: the elevation cooling effect of orography (in this paper, the areaaveraged orography on the 5°Â 5°resolution is used for the land surface and atmospheric components.) and the effect on ice sheet growth of the freezing of rain and the refreezing of meltwater. In the runs 2 to 7, various processes or effects were decoupled or suppressed, in order to isolate the role of each. Run 7 is the most constrained; it simulates the ice sheet growth due to Milankovitch forcing only in a fixed ocean environment with the above two effects neglected.
[8] The elevation effect of both ice sheet height and orography is parameterized by decreasing the SAT (i.e., air temperature at sea level) linearly with height using a lapse rate of 6.5°C/km. In the runs without orography (runs 4, 6 and 7), only the elevation effect of the ice sheets is included.
[9] The parameterization of the freezing of rain and refreezing of meltwater is implemented as follows: when the permanent snow depth (defined as snow-equivalent depth of ice in August) in one grid cell (5°Â 5°) exceeds 2 m, 60% of liquid water composed of rainfall and melted snow is converted into ice. The resulting latent heat is released into the atmosphere since the heat capacity of the snow/ice is not considered in our ice sheet model. The above fraction of liquid water converted into ice used here is taken from the degree day model used by Marshall and Clarke [1999] and Tarasov and Peltier [1999] . This fraction (60%) originates from Greenland ice sheet studies, and hence we are tacitly assuming that it can be used for ice sheets in glacial periods. The ice sheet growth is not very sensitive to the critical snow depth (2 m), however. For example, a 2 m increase of this depth yields only a 9% decrease in the total ice sheet volume at 110 kyr BP in run 1.
Results
[10] Figure 2 shows the time series of total, North American and Eurasian ice volumes for the runs listed in Table 1 . The total ice sheet growth (Figure 2a ) is most rapid in run 1; at 112 kyr BP, the total ice volume has reached approximately 13 Â 10 6 km 3 , which is somewhat less than the range of values reconstructed from paleoclimate proxy data. For the period from approximately 119 to 112 kyr BP, Lambeck and Chapell [2001] showed that the global sea level dropped in the range of 50 -70 m (total ice volumeequivalent of (20 -28) Â 10 6 km 3 ). The underestimate of the modelled volume could be due to either shortcomings in the For run 2, P À E + R into the ocean is prescribed. When the SST is prescribed, the atmosphere-ocean heat and freshwater fluxes are fixed at their initial values. ''Refreezing'' means freezing of rain and refreezing of meltwater. MPM (e.g., the coarse resolution, the lack of explicit vegetation dynamics, and the omission of the Antarctic ice sheet) or uncertainties in the ice volume reconstruction from the paleo data.
[11] Fixing the freshwater flux into the ocean (run 2) or the SST (run 3) has a relatively small impact on the total ice volume growth (Figure 2a) . In run 2 the THC intensity change is smaller in the North Atlantic than in run 1 (Figure 3a) , which reduces the land-sea thermal contrast at high latitudes and hence leads to smaller moisture transports from the ocean to the land. In run 3, the cooling to allow for ice sheet growth is limited to reduced summer insolation and the ice-albedo feedback over the continents. At the end of these runs, the respective ice volumes are about 11 and 24% less than that in run 1. However, neglecting the elevation effect of orography (run 4) or the parameterization for the freezing of rain/refreezing of meltwater (run 5) has a major impact on ice volume growth. If either is neglected, the final total ice sheet volume is about one-third of that in run 1. If both processes are neglected (see run 6), the final ice volume is about 8% of that in run 1. Finally, in run 7 (see Table 1 ), the ice sheet growth is very slow and the final ice volume is only about 4% of that in run 1.
[12] Comparison of Figures 2b and 2c shows that the North American ice volume growth is very similar to that of Eurasian growth for all runs, except for run 3. In this case, the Eurasian ice sheet growth is very close to that in run 1, while the North American ice sheet growth is much smaller than that in run 1. This is because the fixed SST reduces the cooling intensity more severely over North America than over Eurasia, whose spatial scale is much larger than that of North America.
[13] During the initiation phase of the last glaciation, the earlier interglacial warmth of the subpolar Atlantic Ocean was maintained with, however, a slight cooling [Ruddiman and McIntyre, 1979; McManus et al., 2002] . This is believed to be due to an intensified THC [Duplessy and Shackleton, 1985; McManus et al., 2002] . Wang and Mysak [2001] showed that under idealized external forcing, the THC somewhat intensified and the ice sheet growth was slow in the MPM. Such slow growth occurred because of the 1-D nature of the ice sheet model and the neglect of the effects studied in runs 4 and 5. Here we find that with the simulation of rapid ice sheet growth, the THC is significantly intensified (Figure 3a) . Over the first 8 kyr of run 1, the THC intensity increased by nearly 8 Sv, due to both high latitude oceanic surface cooling and reduced freshwater flux (Figure 3b ). The strong THC increased the land-sea thermal contrast at high latitudes and hence produced large moisture fluxes to the land, which is favorable for rapid ice sheet growth. For run 2, the effect of ice sheet growth on river runoff is removed because of the fixed freshwater flux into the ocean and hence the THC intensity increase during the first 5.7 kyr is only 4 Sv. This leads to a drop in SST there and extensive sea-ice formation in the deep water formation region just prior to 116 kyr BP. This results in a lower heat loss to the atmosphere and hence a drop in the THC intensity.
[14] For the slow ice sheet growth runs 4, 5 and 6, the THC intensities lie between those for runs 1 and 2. This is because the freshwater flux anomalies are smaller than those in run 1 (see Figure 3b ). (The negative freshwater flux anomalies in run 1 are mainly induced by the ice sheet growth; the change of the atmospheric meridional moisture transport is very small.)
[15] Figure 4 shows the permanent snow/ice distribution over North America and Eurasia at three time slices for run 1. At 120 kyr BP (Figure 4a) , permanent ice first appears in the vicinity of the northern Laurentide, Scandinavian and Siberian ice sheet regions. By 116 kyr BP (Figure 4b ), these ice sheets have expanded and deepened, and ice sheets have also now developed over Alaska. By 110 kyr BP (Figure  4c) , three large thick ice sheets have formed, one over the western side (Alaska region) of northern North America, one over the eastern side and one over the western side of the northern Eurasian continent. At present it is not known whether an ice sheet existed over Alaska during the inception phase of the last glaciation [A. Dyke, pers. comm., 2002] . Therefore at this stage, we cannot reject either of the following two hypotheses: i) The large ice sheet did not exist over Alaska in the early stages of the last glaciation due to the deep valley effect [Marshall and Clarke, 1999] ; or ii) The ice sheet probably existed in the early stages and then disappeared after the Laurentide ice sheet fully developed during the later stages of the glacial. (This ice sheet could have altered the atmospheric circulation around it and hence the temperature over Alaska.) In the future, both the deep valley effect and the effect of the atmospheric circulation pattern changes (and hence poleward heat transport changes) should be considered for an accurate simulation of the ice sheet distribution during the inception and development stages of the last glacial.
Conclusions
[16] Using an improved version of the MPM with a 2-D ice sheet model, run under realistic Milankovitch forcing and Vostok-derived CO 2 levels for the period 122 -110 kyr BP, both ice sheet inception at around 120 kyr BP and rapid ice sheet growth during the subsequent 10 kyr were successfully simulated. While Milankovitch forcing only is sufficient to initiate ice sheet growth, substantial growth only occurred when the elevation cooling effect of orography, a parameterization for the freezing of rain and refreezing of meltwater, and an active ocean component are included. Another interesting feature of the simulation is the substantial growth of ice in three locations: the western and eastern sides of northern North America, and the northwestern side of Eurasia. We also showed that during the rapid ice sheet growth, the THC was strongly intensified, which increased the land-sea thermal contrast at northern high latitudes, and hence helped to provide the necessary moisture for this growth.
[17] Given the above encouraging results, and to answer the question as to how the ice sheets eventually developed over NH, it is planned to run the improved MPM through the whole glacial-interglacial period. However, before doing this the downscaling scheme used above would have to be modified to take into account the effects of large ice sheets on the atmospheric circulation. Also, ice sheet thermodynamics should be added, as this affects the ice sheet flow and hence the ice mass balance [Tarasov and Peltier, 1999] .
